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Abstract 
In breaststroke, the swimming technique is particularly important since the motion is complicated and the heaving 
and pitching motions of the body are large. Therefore, there is a possibility to enhance the swimming performance if 
the center of body buoyancy is changed by breathing to help the heaving and pitching motions. The objective of this 
study was to clarify the influences of the time variation of the position and volume of lung air on the performance in 
breaststroke by the simulation analysis. The simulation model which can consider the buoyancy was constructed. The 
position of lung air center for the simulation was obtained from the experiment of the previous study. The influences 
of costal and abdominal breathings on the performance were analyzed. From the analysis, the effectiveness of the 
abdominal breathing and movement of the lung air center was shown. The simulation considering the time variation 
of the lung air was also carried out. The appropriate time variation was clarified by this simulation. 
© 2012 Published by Elsevier Ltd. 
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1. Introduction 
Swimming is a very popular sport in all over the world. Breaststroke, in particular, is easy for 
beginners to perform since the breathing motion can be learnt relatively easily. However, in breaststroke, 
the swimming technique is particularly important since the motion is complicated, the heaving and 
pitching motions of the body are large, and it is the most inefficient stroke among the four strokes because 
of the presence of the timing called ‘complete stop”. For breaststroke, some biomechanical studies were 
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conducted such as a study related to the timing of the hands’ pull motion and the kick [1]. However, 
buoyancy due to the lung air during breaststroke has not been studied yet. According to Wakayoshi [2], it 
was suggested that the swimmer can change the position of center of body buoyancy during breathing. 
Therefore, there is a possibility to enhance the swimming performance if the center of body buoyancy is 
changed by breathing to help the heaving and pitching motions. The objective of this study was to clarify 
the influence of the time variations of the position and volume of lung air on the performance in 
breaststroke by the simulation analysis, using the swimming human simulation model SWUM [3]-[6] 
which was developed by the authors’ group. 
2. Simulation Model 
2.1. Overview of Swimming Human Simulation Model SWUM 
The simulation model SWUM was designed to solve the six degrees-of-freedom absolute movement of 
the whole human body as single rigid body by time integration, using the inputs of the human body 
geometry and relative joint motion. Therefore, the swimming speed, roll, pitch and yaw motions, 
propulsive efficiency, joint torques and so on are computed as the output data. The swimmer’s body is 
represented by a series of 21 rigid body segments. Each body segment is represented by a truncated 
elliptic cone. As the external forces acting on the whole body, unsteady fluid force and gravitational force 
are taken into account. The unsteady fluid force is assumed to be the sum of the inertial force due to 
added mass of the fluid, normal and tangential drag forces, and buoyancy. These components are also 
assumed to be computable, without solving the flow, from the local position, velocity, acceleration, 
direction, angular velocity, and angular acceleration at each part of the human body at each time step. The 
details as well as validations of SWUM are fully described in the references [3]-[6]. 
2.2. Construction of Simulation Model Which Can Consider Buoyancy 
In SWUM, to date, buoyancy of lung air has been represented by setting the density of the chest part 
low. By this method, it was difficult to create the simulation conditions in the present study since the 
position and volume of the lung air had to be varied during one stroke cycle in the present study. 
Therefore, in the present study, buoyancy was acted on the swimmer as an external force by representing 
the lung air buoyancy as the product of the density of the water, volume of the lung air, and the 
gravitational acceleration, while the density of the swimmer’s chest part was set constant. By this 
representing method, it became possible to easily change the position and volume of the lung air. The 
position of the lung air center for a certain lung air volume was determined as its distance from the 
swimmer’s center of gravity, which was calculated from the experimental results of the distance between 
the centers of buoyancy and gravity in the previous study [2]. In the previous study, it was clarified that 
the swimmer could change the position of lung air center intentionally by a special training for breathing. 
For example, the experimental result of distance between the centers of lung air and gravity with respect 
to the lung air volume is shown in Fig.1(a). In this experiment, the swimmer took the gliding position on 
land and in the water, and was supported at the hands and feet. The supporting loads were measured both 
on land and in the water. The centers of buoyancy and gravity were calculated from the measured values. 
The abscissa of Fig.1(a) is the lung air volume. The lung air volume of 1.5L corresponds to breathing out 
completely, while 7.5L breathing in completely. The notations of H and Y represent the subjects. In this 
experiment, the subjects were asked to perform the costal breathing. On the other hand, the result of 
abdominal breathing is shown in Fig.1(b). In this experiment, the subjects were asked to perform 
abdominal breathing after a few month training for it. Comparing Fig.1(b) with (a), it can be seen that the 
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position of lung air center for the abdominal breathing after the training became significantly different 
from that for the costal breathing especially when the lung air volume was small. From this result, it was 
found that a swimmer generally seems to be able to control the position of lung air center intentionally at 
the extent shown in Fig.1, after an appropriate training of the breathing method. In addition to this, these 
curves of the positions of lung air center as the functions of the lung air volume were completely 
reproduced in the following simulation analyses. 
3. Simulation Analysis With Respect to Movement of Position of Lung Air Center 
3.1. Simulation Analysis With Respect to Different Positions of Lung Air Center 
In the simulation of this section, a constant lung air volume was assumed to be 4.5L since 4.5L is the 
average value of the range (1.5L – 7L) of the lung air volume. The two (costal and abdominal) positions of 
lung air centers for the lung air volume of 4.5L, which were obtained from Fig.1, were used in the 
simulation. The standard body geometry and swimming motion (joint motion) which were used in the 
previous study [5] were also used in the present simulation. The simulation results of nondimensional 
swimming speeds for the two breathing methods are shown in Fig.2. The ordinate is the nondimensional 
swimming speed which is defined as the swimming speed multiplied by the stroke cycle and divided by 
the stature of the swimmer. From Fig.2, it was found that the swimming speeds of the abdominal 
breathing became larger than those of the costal breathing. For the subjects H and Y, they were 7.2% and 
14.4% larger, respectively. 
     
(a)                                                                             (b) 
Fig. 1. Distance between the canters of lung air and gravity. (a) costal breathing; (b) abdominal breathing 
Fig. 2. Simulation results of nondimensional swimming speed. (i) subject H, costal; (ii) subject H, abdominal;                 
(iii) subject Y, costal; (iv) subject Y, abdominal 
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The difference of swimming positions for one stroke cycle of the subject H is shown in Fig.3. The 
symbol t* is the nondimensional time by which one stroke cycle is represented as t* = 0 – 1. For the 
abdominal breathing, it was found that the overall position of the swimmer became ‘head-down’ and that 
the trunk did not turn up much when t* = 0.5. Therefore, it was suggested that the drag against propulsion 
became smaller for the abdominal breathing since the legs did not sink resulting in the decrease of the 
cross section against the propulsive direction. This would bring the larger swimming speed to the 
abdominal breathing when the lung air volume was 4.5L.  
3.2. Simulation Analysis With Respect To Time Change of Position of Lung Air Center 
In the simulation of this section, the position of the lung air center was changed in one stroke cycle. 
One stroke cycle was divided into four periods as shown in Fig.4. In T1, breathing-in motion and the 
recovery motion of the arms are performed. In T2, the kick motion is performed. In T3, the gliding 
position is maintained. And in T4, the pulling motion of the arms is performed. Since two breathing 
methods (costal and abdominal) existed for four time periods, the simulations of 24 = 16 patterns were 
carried out for each subject and each constant (time-invariant) lung air volume (4.5L and 7L). The best 
patterns yielding the fastest swimming speed for each case are shown in Table 1. When the lung air 
volume was 4.5L, the abdominal breathing all through the stroke cycle brought the best results both for 
the two subjects. However, when the lung air volume was 7L, the abdominal breathing all through the 
stroke cycle did not necessarily bring the best results although the abdominal breathing in T1 (breathing 
period) seemed preferable for the swimming performance since it was always selected in T1 as shown in 
Table 1. Therefore, it can be concluded that the abdominal breathing is valid especially at the breathing 
period when the considerable part of the body is emerging out from the water. In addition to this, it was 
found that maintaining the abdominal breathing is valid when the lung air volume is 4.5L since it has an 
effect to prevent the legs from sinking, and that selecting the costal breathing after the breathing period is 
Fig. 4. One stroke cycle divided into four periods 
           t* = 0                 t* = 0.17                t* = 0.33                 t* = 0.5                 t* = 0.67                 t* = 0.83                 t* = 1.0  
(a) 
           t* = 0                 t* = 0.17                t* = 0.33                 t* = 0.5                 t* = 0.67                 t* = 0.83                 t* = 1.0  
(b) 
Fig. 3. Difference of swimming positions for one stroke cycle of subject H. (a) costal breathing; (b) abdominal breathing 
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valid when the lung air volume is 7L since selecting always the abdominal breathing yields make the legs 
too high at the gliding period, resulting in the increase of the drag against propulsion. 
4. Simulation Analysis With Respect to Time Variation of Lung Air Volume 
In the previous section, the lung air volume was assumed to be constant (4.5L or 7L). The lung air 
volume is actually varying during one stroke cycle.  Therefore, the effect of various time variations for 
the methods of breathing in and out on the swimming performance was investigated. The time period T1 
in Fig.4 were assumed to be the period of breathing in, while the time periods T2, T3 and T4 were the 
period of breathing out. The patterns of time variation for each period are shown in Fig.5. As shown in 
this figure, representative five patterns were employed for each of breathing in and out. For example, the 
first one in Fig.5(a) represents breathing in at a constant speed, while the second one represents breathing 
in rapidly at the very last moment of the breathing period. Twenty five (25 = 5 x 5) combinations of these 
patterns were simulated. Note that the position of lung air center of the subject H was used in the present 
simulation. The best breathing patterns yielding the fastest swimming speed for the costal and abdominal 
breathing are shown in Fig.6. The swimming positions for these patterns are shown in Fig.7. For the best 
pattern of the costal breathing, breathing in rapidly at the first moment of the breathing period (t* = 0) and 
breathing out at the very last moment (t* = 1) were selected. For the best pattern of the abdominal 
breathing, on the other hand, breathing out early was selected although breathing in rapidly was selected. 
The result of the costal breathing suggests that the large lung air volume is preferable in this case. The 
large air volume results in the large buoyancy. As shown in Fig.7(a), the legs in the gliding position 
become almost horizontal even by the large buoyancy. Therefore, buoyancy due to lung air does not 
Table 1. Best breathing patterns yielding the fastest swimming speed for each condition. 
Subject Lung air volume [L] T1-T2-T3-T4* Nondimensional swimming speed 
H
4.5 A-A-A-A 0.884 
7.5 A-C-C-A 0.896 
Y
4.5 A-A-A-A 0.874 
7.5 A-A-C-A 0.891 
                                                               * A, abdominal; C, costal 
         
                                         (a)                                                                                                (b)
Fig. 5. Patterns of time variation of lung air volume. (a) breathing in; (b) breathing out 
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become excessive and does not disturb the propulsion. For the abdominal breathing, on the other hand, it 
can be seen that the pitching motion of the swimmer’s body became large, as shown in Fig.7(b). In 
particular, the gliding position was found to be ‘head down’ considerably. Therefore, breathing out early 
is necessary to prevent the swimmer’s body from being more ‘head down’ position, in which the drag 
against the propulsion increases. 
5. Conclusion 
In the present study, the influence of the time variations of the position and volume of lung air on the 
performance in breaststroke was analyzed by the simulation. It was found that the swimming performance 
was certainly affected by the breathing. In the actual situation, it may be difficult for a swimmer to breath 
just as the same as the suggested one in the simulation. However, it was significant to show the influences 
in some ideal conditions quantitatively by the simulation. 
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                                             (a)                                                        (b)
Fig. 6. Best breathing patterns yielding the fastest swimming speed. (a) costal breathing; (b) abdominal breathing 
(a)                                                                                               (b)
Fig. 7. Swimming positions of the best breathing patterns. (a) costal breathing; (b) abdominal breathing 
